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INTRODUCTION
The spectrum of genetic control underlying the expression of phenotypic characteristics ranges from epistasis (governed by interactions of multiple genes) to pleiotropy (i.e., single genes or mutations affecting multiple unrelated traits). Phenotypic traits, albeit subjectively defined, typically outnumber genes by orders of magnitude in complex organisms, supporting the presence of pleiotropy (Wagner and Zhang, 2011) . Knowledge about the molecular basis of pleiotropy is important for our understanding of evolvability, i.e. the capacity of an organism for adaptive evolution (Hill and Zhang, 2012a; Wagner and Zhang, 2011; Wang et al., 2010) .
Hodgkin (1998) defined seven types of pleiotropy depending on different underlying molecular mechanisms, including alternative splicing as a source of functional pleiotropy at a gene locus.
Ongoing debate centers on whether pleiotropy is limited and modular (Wagner and Zhang, 2011) or is wide-spread, which would support the hypothesis of universal pleiotropy (Hill and Zhang, 2012a) , and whether higher pleiotropy constrains or facilitates the evolution of organismal complexity (Hill and Zhang, 2012b; Wagner and Zhang, 2011) . However, current measurements may not satisfactorily disclose the pleiotropic level for a given polymorphism (Wagner and Zhang, 2012) . Studies of mutant phenotypes often overestimate gene pleiotropy (Wagner and Zhang, 2011) , and thus do not reflect the effects of naturally occurring mutations, which are of particular interest to our understanding of normal gene function (Hodgkin, 1998) . Quantitative trait locus (QTL) data may also overestimate pleiotropy due to the large linkage intervals in pedigree studies of QTLs (Gardner and Latta, 2007) . Quantitative trait nucleotide (QTN) functional variants can provide important insights into the genetics of evolution (Rockman, 2012; Streisfeld and Rausher, 2011) , but only large-effect QTNs are typically accessible (Rockman, 2012) . Thus, causal variants may not be the commonly detected QTNs; instead such variants may be present in multiple, largely small-effect genes that therefore likely remain undetected (Rockman, 2012) . Although generally less studied than exonic variants, mutational events within introns, untranslated gene regions (UTRs) and/or untranscribed gene regulatory regions could be key drivers of evolution (Lynch and Katju, 2004) . This noncoding DNA is enriched with functional sequences that can arise spontaneously (Rockman, 2012) .
The Class III homeodomain leucine zipper (HD ZIP) gene REVOLUTA (REV) is involved in auxin-mediated adaxial-abaxial patterning of plant leaves in general and patterning of secondary vascular tissues in woody species in particular (Emery et al., 2003; Robischon et al., 2011) and represents an interesting example of how phenotypic variation can be mediated through interference with microRNA (miRNA) binding rather than non-synonymous mutations in the coding sequence (Emery et al., 2003; Ong and Wickneswari, 2012) . Here we discuss specific results obtained from genotype-phenotype association studies in Populus trichocarpa (La Mantia et al., 2013; Porth et al., 2013a; McKown et al., submitted) , a tree species of significant ecological, economic, and scientific importance (Tuskan et al., 2006; Geraldes et al., 2013) , that highlight putative pleiotropic properties of REV.
RESULTS AND DISCUSSION
We conducted genome-wide association studies (GWAS) that employed ca. 400 phenotyped and genotyped natural P. trichocarpa accessions grown in common gardens to elucidate the genetic architecture of wood quality, ecophysiological, phenological, biomass, and rust fungus resistance trait variation in three separate studies (Porth et al., 2013a; McKown et al., submitted; La Mantia et al. 2013, respectively) . In total, we examined SNP polymorphisms in over 3,500 broad-based candidate genes using an Illumina 34K SNP genotyping array (Geraldes et al., 2013) . The SNP discovery panel for the array (Geraldes et al., 2013) involved 20 accessions from the Pacific Northwest for mRNA sequencing (Geraldes et al., 2011) and 16 accessions taken from the southern distribution range of P. trichocarpa for whole genome sequencing (Slavov et al., 2012) .
Phenotypic trait variation was investigated for ~60 quantitative characteristics (Porth et al., 2013b; McKown et al., 2013; La Mantia et al., 2013) . All three studies employed the generalized linear mixed model approach to correct for any genetic structure present in the population. The optimal model was selected on a trait-by-trait basis using the Bayesian information criterion (Yu et al., 2006) . Among many SNP-trait associations, these studies revealed genetic associations of wood cellulose content and leaf phenology traits with SNPs in non-coding regions of distinct splice variants of the poplar REV gene Potri.009G014500 (popREV; Fig. 1 ; Table I ), consistent with fundamental functions for REV in regulating the architecture of leaf and vascular systems (Zhong et al., 1997; Zhong and Ye, 1999; Otsuga et al., 2001; Emery et al., 2003; Robischon et al., 2011; Stirnberg et al., 2012 ). An additional putatively functional polymorphism common to all splice variants of REV is associated with Melampsora rust fungus resistance ( Fig. 1 ; Table I) suggesting involvement of REV with this trait also and providing a striking example of the extensive pleiotropic properties that plant genes can sustain.
The wood-association study also identified, among others, SNP associations within various auxin-related genes related to variation in fiber properties, including fiber length. Fiber development is tightly linked to the action of the phytohormone auxin (indole-acetic acid, IAA) in vascular tissue formation (Ursache et al., 2012; Schuetz et al., 2013) as auxin signaling regulates molecular master switches during the initiation of fiber development (Gorshkova et al., 2012) . Since IAA plays a role in regulating cambium, xylem, and fiber development as well as fiber secondary cell wall thickening and lignification (Schuetz et al., 2013; Gorshkova et al., 2012) , the candidate SNPs within auxin-related genes identified in our study are potentially important in the upstream regulation of plant xylem and fiber formation. In particular, REV (synonymous to INTERFASCICULAR FBERLESS1, IFL1 and AMPHIVASAL VASCULAR BUNDLES1, AVB1) encoding one of five Arabidopsis Class III HD ZIP transcription factors regulates meristem function, polarity of lateral organs, vascular architecture and development, and interfascicular fiber differentiation in Arabidopsis and other angiosperms (Emery et al., 2003; Zhong and Ye, 1999; Ratcliffe et al., 2000 , Zhong et al., 1999 Zhong and Ye, 2004) . In poplar, the REV ortholog popREV influences cambium initiation and patterning of woody stems (Robischon et al., 2011; Hu et al., 2012) . REV is part of a complex regulatory system involving auxin, KANADI (KAN1) transcription factors, and miRNA (Ilegems et al., 2010; Emery et al., 2003; Schuetz et al., 2013; Brandt et al., 2012) . The direct targets of regulation involve several transcription factors, some of which are regulated antagonistically to support the antagonistic influence by REV and KAN1 on a suite of gene promoters (Reinhart el al., 2013) . REV mutants are highly pleiotropic across different species. In Arabidopsis, REV mutants exhibit differences compared to wild-type in thicker inflorescence stems with less lignified interfascicular cells, reduced stem strength, reduced number of branches (defect in paraclade growth) and fewer stem leaves, enlarged and downwardly curled (i.e. revolute) cauline leaves, a change in leaf color to dark green, and delayed leaf senescence (Talbert et al., 1995; Zhong et al., 1997) , while the semidominant REV avb1 mutant exhibits aberrant cauline branches and leaves, abnormal floral tissues, and amphivasal instead of collateral vascular bundles (Emery et al., 2003; Zhong and Ye, 2004) . In poplar, gain-of-function REV mutants show severe anatomical phenotypes related to leaf architecture, reduced internode length, callus formation on the stem surface, abnormal cambial growth, and cambial polarity defects correlated with the positions of leaves and axillary buds (Robischon et al., 2011) . These consistent observations of phenotypic aberrations among REV gain-of-function mutants across different plant species (Talbert et al., 1995; Emery et al., 2003; Robischon et al., 2011; Magnani and Barton, 2011) suggest that the functionality of wildtype REV is indeed i) pleiotropic, and ii) a major hub gene (i.e. key regulatory gene) regulating plant morphogenesis. Thus, it is anticipated that wild-type REV controls both stem and leaf growth (Talbert et al., 1995) and recently, it was also suggested that REV controls light-mediated elongation growth (Brandt et al., 2012) .
In contrast to mutant phenotypes generated by loss-of-function or overexpression, forward genetics studies such as GWAS have the potential to elucidate normal gene functions by correlating differences in the observed natural phenotypic variation with the natural allelic variations. Our data from wild accessions of P. trichocarpa supports REV function in secondary growth and xylem development in poplar based on the genetic association between SNP24 in popREV and wood Table I; Supplemental Table S1 ).
Interestingly, SNP21 (leaf drop association) is localized in the 3'UTR present only in splice variants 2 to 4, suggesting that this polymorphism might affect mRNA stability. SNP24 Table I ). In brief, we used distinct climate partitions to identify adaptive traits due to population differentiation of quantitative traits (Q ST ) based on local climate of origin. The estimated Q ST values for leaf drop and rust resistance traits (both traits were also validated over time, McKown et al., submitted; La Mantia et al., 2013) deviated from neutral expectations (Porth et al., submitted) . Then, we used the same subgroup partitioning to determine such QTNs associated with adaptive traits that also identified as F ST outliers. The SNP within REV associated with leaf drop is suggested to be adaptive to different temperature regimes.
However, we note here that the selection pressure driven by climate represents only one aspect of adaptive evolution in poplar; phenology traits, in particular, are strongly adapted to latitudinal origins, while soil composition (aridity and moisture) also contribute to plant adaptation.
Comparing the three associated SNPs, the polymorphism associated with Melampsora resistance is found in relatively high LD with several SNPs throughout the REV gene region.
This increased LD might be due to diversifying selection evident for this SNP along the northsouth geographic cline of the P. trichocarpa distribution (Geraldes et al., submitted) . In contrast, the leaf abscission and cellulose associated SNPs are not in LD with any other SNP within the REV gene region and may have evolved at different rates based on the observed recombination patterns ( Fig. 1; Table I ). As the LD pattern across the REV gene is likely incomplete due to a possible ascertainment bias (rare SNPs in the population and/or non-genotyped SNPs), which is related to the employed SNP discovery panel for the genotyping platform. Unfortunately, we cannot confidently use this LD information to make inferences about the age of the mutations, although minor allele frequencies (MAF) hint at the relative ages of mutations. In this context, the MAF for variants associated with leaf abscission and cellulose, respectively, were much lower than the MAF for the rust resistance SNP (Table I ). This is consistent with an initial role for REV in auxin signaling and subsequent functional evolution in supporting fundamental processes of vascular plant development (Prigge et al., 2005) , and it is particularly consistent with auxin as a regulator in plant defense with effects on plant growth and development (Kazan and Manners, 2009) The complex regulatory network governing REV expression and the potentially profound effects of its mis-expression in poplar (Robischon et al., 2011; Schuetz et al., 2013) suggest that pleiotropic phenotypic variability associated with SNPs in REV 3' noncoding regions may be related to variation in the splice variants through 4 transcript levels that are conditioned by regulatory SNPs.
It is interesting to note that no SNPs were detected in exons (Table I ). This could indicate low allelic frequency of exonic SNPs in the population (with allele frequencies lower than 5%), probably due to purifying selection. This is specifically suggested for the miRNA targeted protein coding sequence that is important for maintaining normal REV gene function. There is evidence from REV gain-of-function experiments by Magnani and Barton (2011) that the C terminus of REV (specifically, the Per-ARNT-Sim-like (PAS-like) MEKHLA domain at the C terminus) is particularly important in regulating REV activity in a mechanism that is sequenceindependent but involves steric masking of the leucine zipper domain such that Principle component analysis was used to adjust for population structure in the analyses of wood traits and leaf rust resistance (Porth et al., 2013a; LaMantia et al., 2013) ; the 'area under the disease curve' resistance measure was adjusted for date of bud set prior to association analysis (LaMantia et al., 2013) ; Q matrix population structure correction was applied for phenology traits that co-vary with latitudinal population structure (McKown AD, unpublished data).
